Cyclins associate with CDK1 to generate the M-phase-promoting factor (MPF) 15 essential for progression through mitosis and meiosis. Previous studies concluded that 16 CCNB2 is dispensable for cell cycle progression. Given our findings of high translation 17 rates of CcnB2 mRNA in prophase-arrested oocytes, we have reevaluated its role during 18 meiosis. CcnB2 -/oocytes undergo delayed germinal vesicle breakdown followed by a 19 defective M-phase due to reduced pre-MPF activity. This disrupted maturation is 20 associated with compromised CcnB1 and Mos mRNA translation and delayed spindle 21 assembly. Given these defects, a significant population of oocytes fail to complete 22 meiosis I because SAC remains activated and APC function is inhibited. In vivo, CCNB2 23 depletion leads to decreased oocyte developmental competence, compromised 24 fecundity, and premature ovarian failure. These findings demonstrate that CCNB2 is 25 required to assemble sufficient pre-MPF for timely meiosis reentry and progression.
INTRODUCTION
CCNB1 undergo GVBD earlier ( Fig. S2 F) . Of note, CCNB1-mCherry, but also CCNB2-186 mCherry, translocate into the nucleus with the same kinetics ( Fig. S2 G) . These findings 187 strongly support the hypothesis that CCNB2 protein accumulation in prophase I is 188 required to generate sufficient CDK activity for timely reentry into meiosis, and that 189 oocytes with lower pre-MPF activity resume meiosis in a delayed fashion.
190
PKA inactivation-dependent events are intact whereas CDK1-dependent events are 191 disrupted in CcnB2 -/oocytes 192 In order to further define the molecular defects associated with CCNB2 depletion in 193 the oocyte during the G2/M transition, we examined the timing of CDC25B translocation. 194 We have previously shown that in mouse oocytes, CDC25B import into the nucleus is 195 one of the first detectable events following the decrease in cAMP, the signal that 196 maintains oocyte meiotic arrest (Oh et al., 2010) . Therefore, we injected oocytes with 197 CDC25B-(phosphatase dead)-YFP to follow the kinetics of CDC25B translocation in intact 198 oocytes ( Fig. 4 A) . All CcnB2 +/+ oocytes mature in a synchronous manner ( Fig. S3 A) and 199 the YFP-tagged CDC25B signal is detected in the nucleus at as early as 15 mins post- 200 Cilostamide release (Fig. S3 B) . However, there are two populations of CcnB2 -/oocytes 201 (early GVBD and late GVBD) ( Fig. S3 E) . CDC25B translocation in both CcnB2 +/+ and 202 CcnB2 -/oocytes continues until the oocytes undergo GVBD, at which point CDC25B 203 diffuses throughout the cytoplasm (Fig. 4 A) . No significant difference in CDC25B 204 translocation rate are found between CcnB2 +/+ oocytes and the two CcnB2 -/populations 205 ( Fig. 4 C) . However, since GVBD time is delayed in CcnB2 -/oocytes, CDC25B 206 accumulation in the nucleus continues for longer periods of time, resulting in higher 207 CDC25B reporter signal in the nucleus (Fig. S3 C) . This difference in the CDC25B 208 nuclear/cytoplasmic ratio is not due to differences in the amount of reporter expressed 209 ( Fig. S3 D) . These measurements document that CDC25B translocation occurs normally 210 in CcnB2 -/oocytes and that the rate of import is not affected by the decrease in MPF 211 activity. Moreover, they indicate that PKA downregulation occurs normally in the CcnB2 -212 /oocytes. Remarkably, these findings also demonstrate that CDC25B translocation alone 213 was not sufficient to trigger GVBD in the CcnB2 -/oocytes. 214 CDC25B translocation is followed by CCNB1 import into the nucleus and WEE1B could not be measured in CcnB2 -/oocytes because of its rescuing effect (see below). 217 However, YFP-tagged WEE1B export from the nucleus occurs over a wide range of time, 218 consistent with the variable timing of GVBD ( Fig. 4 B) . CcnB2 -/oocytes show significantly 219 decreased WEE1B translocation rates as compared to CcnB2 +/+ oocytes (Fig. 4 D) ; 220 WEE1B translocation rate is inversely correlated to GVBD time (Fig. S3 F) . We have 221 previously demonstrated that WEE1B export is dependent on CDK1 activity (Oh et al., 222 2010); therefore, the decreased WEE1B export rate observed in CcnB2 -/oocytes 223 indicates slower CDK1 activation. Furthermore, we tracked CDK1 activation in live 224 oocytes using a FRET approach to confirm that the speed of CDK1 activation is reduced 225 in CcnB2 -/oocytes. The speed of CDK1 activation, measured by the Hill slope of FRET 226 activation before GVBD, is significantly decreased in CcnB2 +/and CcnB2 -/oocytes (Fig. 227 S3, G and H). These results indicate that, in the absence of CCNB2, CDK1 activation is 228 no longer switch-like but becomes gradual, resulting in inefficient WEE1B export and 229 delayed GVBD.
230

Translation of key cell cycle components is defective in CcnB2 -/oocytes 231
Consistent with findings in Xenopus oocytes, we have previously shown that, at 232 least in part, the translational program in mouse oocytes is dependent on CDK1 activity 233 (Ballantyne et al., 1997; Han et al., 2017) . Since CDK1 activation is likely defective in 234 CcnB2 -/oocytes, we tested whether CDK1-dependent translation would also be affected 235 in these oocytes. Oocytes were co-injected with mRNA coding for mCherry (loading 236 control) and an YFP reporter fused to either CcnB1-long 3'UTR or Mos 3'UTR. The 237 accumulation of YFP and mCherry for individual oocytes was recorded throughout meiotic 238 maturation and signals were expressed as ratios of YFP/mCherry (Fig. S4 ). The rates of 239 translation were calculated for before (0-2 hrs) and after (4-8 hrs) GVBD for YFP-CcnB1-240 long 3'UTR ( Fig. 5 A) and YFP-Mos 3'UTR ( Fig. 5 B) . As previously shown, the translation 241 of both YFP-CcnB1-long 3'UTR and YFP-Mos 3'UTR increases during meiosis in 242 CcnB2 +/+ oocytes. In the absence of CCNB2, the translational activation varies widely 243 with a population of oocytes showing a protein synthesis pattern similar to that of CcnB2 +/+ 244 oocytes and a population in which translation activation is absent or reduced for both 245 reporters ( Fig. 5 A) .
It is well established that spindle formation requires protein synthesis and, in 247 particular, the accumulation of CCNB1, which is necessary to increase MPF activity 248 (Davydenko et al., 2013; Hampl and Eppig, 1995; Winston, 1997) . Since we have shown 249 that CcnB2 -/oocytes have less pre-MPF activity ( Fig. 3 B-C ) and that the rates of YFP-250 CCNB1-long 3'UTR accumulation are decreased ( Fig. 5 A) , we predicted a delay in the 251 time of spindle formation in CcnB2 -/oocytes. CcnB2 +/+ and CcnB2 -/oocytes were 252 maturated in vitro and fixed eight hours after meiotic resumption and the spindle was To define whether additional defects in meiotic progression are associated with 261 CCNB2 depletion, we examined the ability of CcnB2 -/oocytes to complete meiosis I. First 262 polar body extrusion (PBE I) is both significantly delayed and decreased in these oocytes 263 (Fig 6 A) . In addition, only 30 percent of the CcnB2 -/oocytes reach MII with a well formed 264 spindle and aligned metaphase chromosomes, while the rest of the CcnB2 -/oocytes are 265 arrested in MI or at telophase I (Fig. 6 , B and C). This phenotype is not due to unfavorable 266 in vitro culture conditions because the same analysis of in vivo ovulated oocytes also 267 clearly shows compromised progression to MII in CcnB2 -/oocytes ( Fig. S5 A) .
268
A compromised MI/anaphase I transition may result from defects in the activation 269 of the APC/CDC20 complex, which promotes the degradation of securin and cyclins. To 270 assess this possibility, oocytes were injected with Securin-YFP mRNA to monitor the 271 kinetics of APC activation in live oocytes. Securin degradation is temporally delayed and 272 inefficient in CcnB2 -/oocytes ( Fig. 6 D) . The rate of securin degradation was calculated 273 between six and 10 hours after GVBD and CcnB2 -/oocytes display a 50 percent 274 decrease in degradation rates ( Fig. S5 B) .
275
It has been reported that CDK1 activates APC directly and indirectly (Adhikari et 276 al., 2014; Golan et al., 2002; Lahav-Baratz et al., 1995; Qiao et al., 2016; Yang and Ferrell, 2013) , and this activity is critical for satisfaction of the spindle assembly 278 checkpoint (SAC) (Lara-Gonzalez et al., 2012) . Using a FRET probe, we measured 279 changes in CDK1 activity of single oocytes between two and six hours after GVBD.
280
CcnB2 -/oocytes that extrude the first polar body have increased CDK1 activity similar to 281 that of CcnB2 +/+ oocytes, while CDK1 activation is decreased in CcnB2 -/oocytes unable 282 to complete meiosis I ( Fig. S5 C) . Moreover, APC activation is rescued by overexpression 283 of CCNB1 in CcnB2 -/oocytes ( Fig. 6 E, Fig. S5 D) .
284
Since a population of CcnB2 -/oocytes is unable to complete meiosis I, we 285 investigated if the inability to progress to anaphase I may be due to the presence of 286 unattached chromosomes and an active SAC. MAD2 co-localization with the kinetochore, 287 as visualized by CREST antibody, has been used as an tool to measure SAC activation 288 (Collins et al., 2015; Gui and Homer, 2012) . CcnB2 +/+ and CcnB2 -/oocytes were fixed at 289 either seven or 24 hours post-meiotic resumption and MAD2/CREST ratios were Our findings conclusively establish that, in the oocyte, CCNB2 plays a critical role 317 during meiosis I both at the G2/M and the MI/anaphase I transitions -functions that are 318 not compensated for by endogenous CCNB1. CCNB2 contributes to pre-MPF activity 319 during prophase and is required to generate sufficient MPF to progress through 320 maturation in a timely and efficient fashion ( Fig. 3) . Moreover, loss of CCNB2 is 321 associated with ovulation of immature oocytes and/or oocytes with compromised 322 developmental competence, resulting in decreased fecundity in CcnB2 -/females (Fig. 2) . 323 Initial evidence suggests that CcnB2 mRNA is translated at a higher rate than 324 CcnB1 mRNA in prophase. First, the overall levels of Ccnb2 and Ccnb1 transcripts are 325 comparable, CcnB2 is translated at a higher rate than CcnB1 in GV-arrested oocytes ( 
331
Furthermore, we have previously reported similar rates of degradation for the two proteins 332 in GV oocytes in the presence of cycloheximide (Han et al., 2017) . Taken together, these 333 data indicate that CCNB2 protein is present at higher concentrations than CCNB1 in GV-334 arrested oocytes, supporting a central role for CCNB2 during meiosis I.
335
CCNB2 is critical to generate sufficient levels of pre-MPF in the GV oocyte, and by 336 using both whole cell and in vitro kinase assays, we show that CcnB2 -/oocytes have 337 decreased CDK1 activity as compared to CcnB2 +/+ oocytes ( Fig. 3 B, Fig. S2 B) . Due to 338 this decreased pre-MPF activity, conversion of pre-MPF to MPF is also affected. This was 339 confirmed by measuring MPF activation via a FRET probe (Fig. S3 , G and H) and by 340 observing the export kinetics of WEE1B from the nucleus, an event shown to be CDK1 341 dependent ( Fig. 4 B) (Oh et al., 2010) . CDK1 activation in CcnB2 -/oocytes no longer 342 displays a switch-like property as in CcnB2 +/+ , but rather increases slowly over a long 343 period of time. As a consequence of this gradual increase, GVBD becomes an inefficient 344 process, becoming error-prone ( Fig. 3 D) . Thus, a subset of CcnB2 -/oocytes are unable 345 to transition from prophase I to MI even after prolonged culture times.
Previous attempts to deplete oocytes of CCNB2 with MO indicate an 80 percent 347 decrease in meiotic reentry three hours post-IBMX release (Gui and Homer, 2013) . This 348 finding led the authors to conclude that CCNB2-depleted oocytes do not reenter meiosis.
349
Our data, instead, show that meiotic reentry is delayed, but not abolished. A possible 350 explanation of these distinct outcomes is the distinct effects of acute and chronic depletion 351 of CCNB2 (El-Brolosy and Stainier, 2017) . It should be pointed out that in the study of Gui 352 and Homer, only the first three hours of meiotic resumption were reported, and therefore, 
366
Deficient CDK1 activity in MI has several consequences. There is a delay in 367 spindle assembly ( Fig. 5C ), which recapitulates previous experiments using 368 pharmacological inhibition of CDK1 (Davydenko et al., 2013) . Similarly, SAC inactivation 369 is incomplete in the CcnB2 -/oocytes leading to defective APC activation. Indeed, stable 370 microtubule attachments to the kinetochores have been shown to depend on the increase 371 in CDK1 activity (Davydenko et al., 2013) . In agreement with these findings, disruption of 372 CDK1 activity via depletion of CCNB2 results in persistent MAD2 loading onto the 373 kinetochores ( Fig. 7 B) . Inhibition of the checkpoint with Reversine restores the oocyte 374 ability to progress to anaphase ( Fig. 7 C) . Downstream of SAC satisfaction is the 375 activation of APC/C. Our data indicate that, without CCNB2, there is a major delay in APC 376 activation as measured by securin degradation (Fig. 6 D) . In CcnB2 -/oocytes, APC activation is not switch-like as in CcnB2 +/+ oocytes, but instead, prolonged and gradual-378 in agreement with the idea that an threshold of CDK1 activity is required for full APC 379 activation (Yang and Ferrell, 2013) . Thus, in CcnB2 -/oocytes, the switch-like entry into 380 and exit from meiosis I is disrupted, resulting in non-synchronous, delayed, and 381 sometimes failed G2/M and MI/anaphase I transitions.
382
In summary, our findings establish a unique function for CCNB2 during mouse 383 oocyte meiosis that cannot be compensated for by endogenous levels of CCNB1. We 384 show, however, that overexpression of exogenous CCNB1 completely rescues the effect 385 of CCNB2 depletion both during the GV/MI (Fig. 3 E) and the MI/anaphase I transitions 386 ( Fig. 6 E) . In a reciprocal study using CcnB1 -/mice, endogenous CCNB2 alone is able to 387 drive oocyte progression through meiosis I, but the oocytes could not progress to MII.
388
However, overexpression of exogenous CCNB2 rescues the MII entry (Li et al., 2018, 2) .
389
Taken together, these two complementary studies indicate that the two cyclin proteins CcnB2 is constitutively translated in GV and MI, but decreased in MII, whereas the 396 recruitment of CcnB2 mRNA to the polysome increases at MI and further increases at MII 397 ( Fig. 1) (Han et al., 2017) . Translation of endogenous CcnB2 decreases in MII explaining 398 its inability to compensate for the absence of CCNB1 at this stage. These findings 399 emphasize the importance of the post-transcriptional program in regulating meiotic 400 divisions. Indeed, the distinct temporal translational control of these two related genes 401 dictate the appropriate cyclin levels to orchestrate faithful progression through meiosis.
402
Given our findings, we propose that the CCNB2-depleted oocytes may be used as 403 a model for defective CDK1 activation throughout meiosis, a condition that may be a 404 significant cause of meiotic maturation block and infertility in humans.
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Sophie Dumont for the helpful discussion and advice on the SAC measurements. These 410 studies were supported by NIH R01 GM097165 and GM116926 to MC. EMD is supported 411 by a fellowship from the Lalor Foundation. and CREST. Number of kinetochore analyzed is reported below each scatter plot. T-tests 506 were used to evaluate statistical significance; ns: "not significant," "***": p< 0.0001. G) 507 Oocytes were released in the absence or presence of 100 nM Reversine. Time of GVBD 508 and PBE was determined through brightfield images acquired every 15 mins for 24 hrs.
509
The length of meiosis I was calculated as the time between GVBD and PBE. Oocytes were collected in 30 µl of 2X kinase buffer (100 mM Hepes, 30 mM MgCl2, 605 2 mM EGTA, 10 mM CaCl2, 2 mM DTT, 2 µg/ml Leupeptin, 2 µg/ml Aprotinin, 2 µM 606 Okadaic Acid). Oocytes were lysed by freezing and thawing in liquid nitrogen two times.
607
Extracts were incubated at 30°C for 15 mins in presence of 0.1 mM ATP, 10 mM DTT, 2 608 µM Okadaic acid, and 2 µg of recombinant peptide PP1-GST as the substrate. PP1-GST 609 was produced as previously described (Daldello et al., 2015) . Reactions were stopped by The CDK1 FRET sensor (2327) was a gift from Dr. Jonathon Pines (Addgene, 625 26064). Oocytes were injected with 5-10 pl of FRET sensor mRNA at 300 ng/µl, and, after 626 16hrs incubation, fluorescence level was quantified as described in the methods section. were scored based on the categories illustrated in Fig. 6 B. B) The rate of securin mins 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 hrs 0.25 0.50 1.00 1.50 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 hrs 0.00 1.00 2.00 3.00 4.00 5.00 5.25 5.50 5.75 6.00 6.25 6.50 6.75 7.00 +/+ 
